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Abstract
There is a growing interest in recent years of many African countries to revamp their neglected 
railways in order to promote regional trade and transportation integration. Investors are faced with 
problems of railway track gauge conversions to promote railway inter operability. The objective of 
the work documented here was to numerically evaluate the impact of track gauge conversions on 
traffic load induced permanent deformation (PD) of low embankment on soft sub-grade. A method to 
predict the traffic load induced settlement of low embankment on soft sub-grade is proposed.  Using 
the user-defined material subroutines (UMAT) in ABAQUS, a 2-D finite element (FE) model was 
formulated. These models are converted into a numerical formulation for implementation in FE 
analysis and the traffic load induced dynamic stress in the sub grade are calculated by using the multi-
layer elastic theory. Then the plastic vertical strain in the sub-grade is calculated by an empirical 
equation, whose constants are related to the physical and mechanical properties of the sub-grade soil. 
The method was applied to analyze a 700m long section of a low embankment on the soft black cotton 
soil of Nakuru plains in Kenya. Corresponding results showed that the application of traffic loads on 
alternate rail tracks due to gauge conversions have a significant effect on the permanent deformation 
of the sub grade soil. The depth significantly influenced by traffic loading was found to be close to 6 
m below the base of the embankment. The analysis also shows that increasing the thickness and 
stiffness of the sub grade is a very effective way of reducing the traffic load induced permanent 
deformation of soft sub grade soil. The proposed method can be used for settlement analysis on low 
embankments as well as a useful tool for making decisions on railway track gauge conversions. 
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1 Introduction
For low railroad embankments (less than 3.0 m high) constructed on soft subsoil, the permanent 
deformation of subsoil due to traffic load controls the design life as well as the maintenance costs of 
the track structure. To select a cost effective design, it is desirable to predict the traffic load induced 
time dependent settlement. Several factors affect the traffic loading induced deformation, such as, the 
strength and deformation characteristics of the subsoil, properties of the pavement and sub-grade of 
railroad, and the magnitude and number of traffic load repetitions. Any useful settlement prediction 
method should consider these factors directly or indirectly. The existing methods can be divided into 3 
groups as numerical, equivalent static loading and empirical methods. Theoretically, explicit 
simulation of the response of subsoil under repeated load is preferable, although it is difficult to as the 
response of subsoil under traffic load is a three-dimensional (3D) problem and the number of load 
applications is extremely large. Furthermore, a considerable number of soil parameters are needed in 
the modeling. With a time consuming calculation, the accuracy of the results may not be guaranteed. 
Equivalent static load methods involve a static load to represent the traffic load, and the one-
dimensional consolidation theory is used to predict the settlement. Although this method is simple, 
both the 3D traffic loading transfer mechanism and the mechanism of repeated load induced settlement 
are not taken into consideration. A number of empirical equations have been proposed to predict the 
permanent deformation of cohesive soil under repeated loading whose constants in the empirical 
equation are determined experimentally and the strength of the subsoil is directly included in the 
equation with its physical state considered indirectly. The values of the constants are normally 
applicable to remolded (compacted) cohesive soil but not suitable for natural clay deposit and the 
effect of initial static deviator stress is not considered.  
A method to predict the traffic load induced settlement of low embankment on soft sub-grade is 
proposed. Application of the proposed method to a test section with 4 subsections at the Nakuru plain 
of the northern railway corridor of Kenya is described. Discussions are presented on the applicability
of the proposed method to design low embankments supporting a dual gauge track structure.
2  Empirical Equation Formulation 
It is commonly accepted that when the dynamic deviator stress exceeds a critical level (dynamic 
strength), the plastic strain increases rapidly with repeated loading. Also, under repeated load, the 
response of the normally consolidated soil is different from that of over consolidated soil. Assuming 
that the shear stress acting in the soil is below dynamic strength of soil (not a failure problem), and the 
subsoil is in a normal to slightly over consolidated state. Then, considering the effect of initial static 
deviator stress, a new empirical equation for calculating the cumulative plastic strain of soft subsoil 
under traffic loading is proposed as: 
1
m n
bd is
p
f f
q q
a N
q q
ε
§ · § ·
= +¨ ¸ ¨ ¸¨ ¸ ¨ ¸© ¹ © ¹
                                                                                                           (1) 
Where pε  = Cumulative plastic strain (%), N = the number of repeated load applications. 
  qis = Initial static deviator stress, and a, b, m, and n are constants related to the plasticity 
and compression indices of the subsoil.  
qd  = Traffic load induced dynamic deviator stress 
qf    = Static failure deviator stress of soil 
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Dynamic deviator stress qd . To estimate the value of qd , the 3D traffic load transfer mechanism and 
the characteristics of multi-layer foundation using the Burmister's multi-layer elastic solution 
(Burmister, 1945) is considered suitable for this purpose.  
Constants b and m. The parameter b controls the increment rate of plastic strain with the number of 
repeated load applications. The constant b is not sensitive to the magnitude of dynamic deviator stress 
it is mainly influenced by soil type2. The parameter m influences both the magnitude and distribution 
of plastic strain with depth.  
Constant a. The parameter a controls the magnitude of plastic strain with the traffic load induced 
deformation comprising of two parts, dynamic consolidation and shear deformation. The amount of 
dynamic consolidation deformation is directly related to the compression index (Cc) of the soil as well 
as affecting the magnitude of shear deformation. Therefore, it is rational to relate a with the 
compression index (Cc) of subsoil. 
                                                                                                                                                (2) 
For the case under study, the value of Cc is about 0.8 to 1.0, with Į value of 8.0. 
Constant n. The constant n controls the effect of initial static deviator stress on traffic load induced 
plastic deformation determined from laboratory triaxial tests. The adopted constants for specimen 
sections are shown in table 1. 
Type of Soil Property a b m 
High plasticity clay 1.2 0.18 2.4 
Low plasticity clay 1.1 0.16 2.0 
Elastic silt 0.84 0.13 2.0 
Silt 0.64 0.10 1.7 
Table 1: Adopted Constants for the Empirical Equation 
3  Analysis of Test Results 
The average embankment height on the existing meter gauge railway line is 0.75 m  whose test 
section was divided into 4 subsections and several subgrade treatment methods were examined. The 
methods include (a) surface lime treatment, (b) surface cement treatment, (c) light-weighted fill 
material, (d) geogrid reinforcement, and (e) cement column improvement of subsoil. A typical subsoil 
profile at the site is shown in Fig. 1 together with physical properties. In the figure, Ac means alluvial 
clay, as means alluvial sand, and Hc means High non-marine clay deposit. The soft deposit is about 20 
m thick with 3 clay layers sandwiching 2 thin sand layers. About 1.0 m thick surface crust is in an 
over consolidated state with an over consolidation ratio (OCR) of 2.0 to 4.0 (mainly due to weathering 
and aging). The deposit below 1.0 m depth is in a normal to slightly over consolidated state. The 
compression index of the clay layers is about 0.8 to 1.0 for upper layer (Ac1) and 1.0 to 1.5 for lower 
soft layers (Ac2 and Ac3). 
ca Cα=
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Figure 1: Subgrade treatment of 4 test sections 
The settlements of the railroad on the exisiting meter gauge railway were monitored using strain 
gauages at selected locations. Since the upper subsoil was in a lightly over consolidated state, field 
measurement together with finite element analysis confirmed that the settlement due to 0.75 m 
embankment loading (about 70 mm) was almost finished before monitored settlements because the rail 
line has been operational for more than 30years. In this regard, it is considered that the measured 
settlement was caused by rail traffic load only. The total traffic intensity (up and down direction) was 
2 train pairs/day ( 10 – 22 freight wagons 45kN each depending on availability of goods to transport) 
with tractive force of 2700 tons, 18 kN axle load. The adopted Young’s modulus (E) and thickness (H) 
of each layer are summarized in Table 2. The modulus for cement treated layers was estimated as 100 
times the unconfined compression strength (qu). The modulus for natural subsoil was assumed to be 
200 times the undrained shear strength (Su). The calculated dynamic deviator stress was 3 to 5 kPa 
just below the subgrade, and reduced to about 1.0 kPa at 6 m depth. Table 3 gives calculated 
settlement results for a CM subsection (see Fig. 2) as an example. The static undrained shear strength 
(Su) of the subsoil is calculated by the following empirical equation3. 
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Figure 2:Typical soil profile at test sections 
                                                                                                                            (3) 
Where ı’v0 = effective vertical stress. Values of S=0.35 and OCR=1 (m=0.8) were used. 
Sub-
Section 
Identity
Pavement Subgrade Upper Subsoil Lower Subsoil 
H(m) E (kPa) H(m) E (kPa) H(m) E(kPa) H(m) E(kPa) 
CM 0.45 35000 0.6 14000 3.5 3000 2.5 2000 
CS 0.15 35000 0.7 244000 3.5 86400 2.5 2000 
ECM 0.45 175000 0.6 198000 2.0 3000 4.0 2000 
CMG 0.45 35000 0.6 58000 2.0 3000 4.0 2000 
Table 2: Adopted Young’s Modulus 
         Depth* (m) Thickness (m) qd (kPa) qs (kPa) Su (kPa) 
0.15 0.3 Cement mixing treated 
0.55 0.5 3.33 9.44 9.6 
1.3 0.1 2.46 10.72 10.1 
2.3 0.1 1.98 12.32 11.2 
3.3 0.1 1.67 13.92 12.2 
5.3 0.3 0.8 17.12 15.0 
Table 3: Calculated Values for CM Subsection 
                   * Depth below the depth of embankment 
( )' 0 mu vs s OCRσ=
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3.1 Variation of Traffic Load Induced Settlement with Time on Dual 
Gauge Set up 
A numerical model is formulated using the user defined material properties (subroutines) in 
Abaqus 2-D model. The traffic load is modelled over a time step evaluated as elapsed time after dual 
guage track is open to traffic as shown in Figure 4 and 5. The dual gauge has three rail tracks with one 
outer track supporting both meter and standard gauge (1435mm) dynamic loads. These models are 
converted into a numerical formulation for implementation in FE analysis and the traffic load induced 
dynamic stress in the sub grade are calculated by using the multi-layer elastic theory. Then the plastic 
vertical strain in the sub-grade is calculated by an empirical equation developed in this study (eq.1), 
whose constants are related to the physical and mechanical properties of the sub-grade soil such as 
plasticity index and compression index.The FE and Empirical equation calculated traffic load induced 
settlements are shown in Figs. 3 and 4 for each subgrade soil treatment. The calculation predicted the 
settlements well, which indicates that the proposed method is a useful tool for designing the low road 
embankment on soft subsoil. In Fig. 3, CM and CS subsections are compared, which had different 
depth of improvement. For CS subsection, soil-cement columns (36% replacement ratio by area) 
improved the upper subsoil. The dynamic deviator stress below the columns was small and the traffic 
load induced settlement was much smaller than CM subsection. In Fig.4, ECM and CMG subsections 
are compared. For these two subsections, the strength and stiffness of the cement treated layer was 
different, and CMG subsection had a lower strength and stiffness. The settlement of CMG subsection 
was more than twice of ECM subsection. This case history indicates that an increase in the thickness 
and stiffness of subgrade is efficient for reducing the traffic load induced permanent settlement. 
Figure 3: Settlement of CM and CS subsections Figure 4: Settlement of ECM and CMG Subsections 
3.2  Distribution of Traffic Load Induced Plastic Strain with Depth 
The calculated plastic strain distribution with depth is depicted in Fig. 5 for 1 year after opening to 
dual gauge traffic. It indicates that the significant influence depth of traffic load is about 6 m below the 
base of the embankment. The plastic strain reduced very quickly within the upper 2 m. It also indicates 
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that the weaker the subgrade (CMG subsection), the larger the plastic strain in upper subsoil.This 
observed results is indicative of the impact of dual gauge track on settlement pattern of the sub grade. 
Figure 5: Calculated Vertical Strain Variation with Depth 
4   Conclusions 
The Government of Kenya plans to upgrade the existing meter gauge rail track to dual gauge 
standard (1435mm) on the same formation. The Impact of Dual Gauge Railway Tracks on Traffic 
Load Induced Permanent Deformation of Low Embankments is demonstrated by proposing an 
empirical method for predicting the traffic load induced permanent deformation of low road 
embankment on soft subsoil. The method considers the 3D traffic load transfer mechanism, the 
magnitude and the number of traffic load applications, multi-layer ground conditions, and the strength 
and compression characteristics of soft subsoil. A numerical model is then formulated using the user 
defined material properties (subroutines) in Abaqus 2-D model. These models are converted into a 
numerical formulation for implementation in FE analysis and the traffic load induced dynamic stress
in the sub grade are calculated by using the multi-layer elastic theory. Then the plastic vertical strain in 
the sub-grade is calculated by an empirical equation developed in this study, whose constants are 
related to the physical and mechanical properties of the sub-grade soil of the test section such as 
plasticity index and compression index. The method was applied to analyze a 700m long test section at 
the Nakuru wetlands of Kenya’s northern corridor meter gauge railroad. The impact of having dual 
gauge rail tracks is demonstrated by comparing the settlement effects on sub-grade with four different 
soil treatment methods. From the results it shows that the proposed method can be used for calibrating 
the design of low railroad embankment on soft subsoil. The analysis also revealed the following: 
 (a) For the case investigated, the significant influence depth of traffic load is about 6 m below the 
base of the embankment as compared to 2.5m for single track gauges. 
 (b) Increasing the thickness and stiffness of subgrade is an effective way of reducing the traffic load 
induced permanent deformation on soft subsoil under dual gauge rail tracks. 
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